Prevention of desiccation is a constant challenge for terrestrial organisms. Land 19 insects have an extracellular coat, the cuticle, that plays a major role in protection 20 against exaggerated water loss. Here, we report that the ABC transporter Torr -a 21 human ABCA12 paralog -contributes to the waterproof barrier function of the cuticle 22 based stratum corneum of the skin. In both cases, mutations in the genes coding for 48 the respective transporter cause rapid water-loss and are lethal soon after birth. We 49 conclude that the interaction between the organism and the environment obviously 50 implies an analogous mechanism of barrier formation and function in vertebrates and 51 invertebrates. 52
in the fruit fly Drosophila melanogaster. We show that the reduction or elimination of 23 Torr function provokes rapid desiccation. Torr is also involved in defining the inward 24 barrier against xenobiotics penetration. Consistently, the amounts of cuticular 25 hydrocarbons that are involved in cuticle impermeability decrease markedly when 26 Torr activity is reduced. GFP-tagged Torr localises to membrane nano-protrusions 27 within the cuticle, likely pore canals. This suggests that Torr is mediating the 28 transport of cuticular hydrocarbons (CHC) through the pore canals to the cuticle 29 surface. The envelope, which is the outermost cuticle layer constituting the main 30 barrier, is unaffected in torr mutant larvae. This contrasts with the function of Snu, 31 another ABC transporter needed for the construction of the cuticular inward and 32 outward barriers, that nevertheless is implicated in CHC deposition. Hence, Torr and Snu have overlapping and independent roles to establish cuticular resistance against 34 transpiration and xenobiotic penetration. The torr deficient phenotype parallels the 35 phenotype of Harlequin ichthyosis caused by mutations in the human abca12 gene. 36
Thus, it seems that the cellular and molecular mechanisms of lipid barrier assembly 37 in the skin are conserved in vertebrates in invertebrates. 38
Author Summary 39
As in humans, lipids on the surface of the skin of insects protect the organism against 40 excessive water loss and penetration of potentially harmful substances. During 41 evolution, a greasy surface was indeed an essential trait for adaptation to life outside 42 a watery environment. Here, we show that the membrane-gate transporter Torr is 43 needed for the deposition of barrier lipids on the skin surface in the fruit fly 44
Drosophila melanogaster through extracellular nano-tubes, called pore canals. In 45 principle, the involvement of Torr parallels the scenario in humans, where the 46 membrane-gate transporter ABCA12 is implicated in the construction of the lipid-47
Introduction 53
To avoid desiccation, animals build a lipid-based barrier on their outer surface. In 54 mammals, the stratum corneum (SC), which is the uppermost skin layer, consists of 55 ceramides that are either free or bound to so-called cornified envelope (CE) proteins 56 (Rabionet, Gorgas et al., 2014) . Failure to form the ceramide matrix by mutations in 57 the genes coding for ceramide-related enzymes causes transepidermal water loss in 58 mice and humans. Insects are covered by a stratified extracellular matrix (ECM) 59 consisting of the innermost chitinous procuticle, the upper protein-lipid epicuticle and 60 the outermost envelope produced by the underlying epidermis (Moussian, 2010) . The 61 envelope constitutes the first water-and xenobiotics repellent barrier and is mainly 62 composed of free and bound lipids (Blomquist & Bagneres, 2010) . Biosynthesis of 63 these lipid compounds involves enzymes acting especially in oenocytes that are 64 tightly associated with epidermal cells (Ferveur, 1997 , Gutierrez, Wiggins et al., 65 2007 transporters, other arthropods such as crustaceans and arachnids have multiple 90 copies of this class of transporters (Dermauw, Osborne et al., 2013) . According to 91 phylogenetic analyses, the common ancestor of insects and crustacean had one 92 ABCH type transporter: CG11147/LmABCH-9A, which is likely the primary ancestral 93 protein of this transporter family in insects. The CG11147 coding gene is expressed 94 in the digestive tract during embryogenesis and is therefore unlikely to be required for 95 cuticle formation. The ABCH-9B coding gene, by contrast, is expressed in the 96 embryonic epidermis that produced the larval cuticle. Here, we have focussed our 97 study on the function of ABCH-9B transporters during cuticle differentiation in D. 98
melanogaster. 99

Results
100
CG33970 codes for a ABCH-type transporter related to the human ABCA 101 transporters 102
During our initial screening procedure, we discovered a candidate gene (CG33970) 103 affecting fly resistance to desiccation. Prior to functional characterisation of 104 CG33970, we examined the organisation of the corresponding locus. According to 105 flybase (flybase.org), the CG33970 locus gives rise to three alternative transcripts 106 To learn about the potential molecular function of CG33790, using the full-length 115 CG33790 protein, we searched the NCBI database for human homologous 116 sequences that have been functionally characterised. The most homologous 117 sequences were ABCA-type transporters including ABCA3 and ABCA12 ( Fig. 1) . 118 ABCA-type transporters are full transporters that are mainly involved in lipid transport 119 across membranes. Hence, it is possible that CG33790 is implicated in lipid transport 120 in D. melanogaster. 121
Knock-down of CG33970/torr causes post-embryonic desiccation 122
To investigate the function of the ABC transporter CG33970, we suppressed the 123 expression of all transcripts either in the epidermis or ubiquitously by targeting the 124 UAS-driven transcription of the hairpin RNAs (hpRNA) GD297 ( Fig. 1 ) either with 125 69B-Gal4 (Fig. 2) or with the da/7063-Gal4 drivers, respectively. These larvae 126 became slack just after hatching and they died. Larvae ubiquitously expressing the 127 hpRNA KK109988 that is directed against the long transcripts eventually hatched, but 128 dried out and died about 11 minutes after hatching (Table 1 ). In general, larvae 129 expressing hpRNA against CG33970 did not show any obvious morphological defect 130 ( Fig. 2 ). Addition of halocarbon oil to newly hatched CG33970 da/7063-IR knockdown 131 larvae rescued their lethality (Table 1) . The "drying-out" phenotype prompted us to 132 name CG33970 torr (torr, Swedish for dry). In summary, lethality and loss of turgidity 133 just after hatching was induced when hpRNAs against torr were expressed under the 134 control of the epidermal 69B-Gal4 or da/7063-Gal4 drivers. 135
Of note, the identical phenotypes caused by expression of KK109988 and GD297 136 suggests that a possible down-regulation of the potential KK109988 off-target 137 CG11147 (coding for ABCH-9A, predicted by VDRC) did not contribute to the 138 phenotypes (see discussion). 139
To confirm the subtle phenotype caused by torr reduced expression, we generated 140 In addition to the embryonic and larval skin, we sought to examine Torr function in a 152 simple cuticle tissue. For this purpose, we suppressed the expression of torr in the 153 developing wing using the wing specific nub-Gal4 driver to express the torr-specific 154 hairpin RNAs. The resulting wings did not show any obvious morphological defect 155 and the respective flies survived and did not desiccate. 156
Penetration resistance depends on CG33970 function 157
The dehydration phenotype of larvae with down-regulated torr expression (torr epIR 158 and torr ubIR ) suggests an increased permeability of their cuticle. To test this 159 hypothesis, we incubated these larvae in Eosin Y in a penetration assay (Wang, unaffected. Therefore, we conclude that the overall structure of the envelope does 184 not require Torr function. 185
Torr localises to the apical plasma membrane independently of Snu 186
In order to deepen our understanding on Torr function, we determined its sub-cellular 187 localisation. We examined by confocal microscopy the distribution of a chimeric Torr 188 protein with N-terminally fused GFP (GFP-Torr) in L3 larvae. GFP-Torr, which is able 189 to restore cuticle impermeability in torr The phenotype of torr mutant larvae is, compared to those provoked by mutations in 252 snu, rather weak. The envelope structure of snu mutant larvae is reduced (Zuber et 253 al., 2018). By consequence, the inward and outward barrier function of the cuticle is 254 severely compromised. In contrast, the envelope structure appears to be normal in 255 torr mutant larvae. Nevertheless, the inward and outward cuticle impermeability is 256 also lost in these animals. Assuming that the bidirectional barrier function of the 257 cuticle relies mainly on the integrity of the envelope, we speculate that Torr defines 258 envelope quality without affecting envelope structure. Moreover, these findings 259 indicate that Snu function in envelope construction is normal when Torr function is 260 missing. Hence, Snu and Torr act in parallel in establishing the envelope-based 261 barrier function of the D. melanogaster cuticle. 262
Torr is needed for CHC deposition on the surface of the cuticle 263
Previously, we had shown that Snu activity is needed for correct localisation of the 264 extracellular protein Snsl to the pore canals. Snsl, in turn, is needed for the apical 265 distribution of envelope material that displays auto-florescence upon excitation with 266 405nm light. As pointed out above, these processes are unaffected in torr mutant 267 larvae. Thus, Torr is not needed for Snsl trafficking and envelope formation. By 268 contrast, CHC amounts are significantly reduced in wings with reduced torr 269 expression. Additionally, we found that Torr-GFP localises to membrane protrusions 270 within the cuticle, reckoning that these structures represent pore canals. We 271 therefore propose that the transporter activity of Torr is required for the amounts of 272 CHC externalized and deposited on the surface of the cuticle via the pore canals. 273
Whether Torr directly transports CHC to the cuticle surface or whether its function is 274 needed indirectly for this process by establishing a structure that facilitates CHC 275 transport remains to be investigated. 276
Analogies between vertebrate and invertebrate skin barrier formation 277
The Leeuwen, 2014), and therefore may be lipid transporters, as well. Intriguingly, larvae 287 with eliminated Torr function die shortly after hatching, and CHC levels are reduced 288 in torr deficient wings, both paralleling humans with dysfunctional ABCA12. To some 289 extent, hence, the molecular mechanisms of lipid deposition into the skin by an ABC 290 transporter seem to be conserved between vertebrates and invertebrates. 291
Materials and Methods 292
Fly husbandry and genetics 293
Flies were cultivated in vials with standard cornmeal-based food at 18 or 25°C. To 294 collect embryos and larvae, flies were kept in cages on apple-juice plates garnished 295 with fresh baker's yeast at 25°C. Mutations were maintained over balancer 296 chromosomes carrying insertions of GFP expressing marker genes (Dfd-YFP or Kr-297 GFP). This allowed us to identify homozygous non-GFP embryos or larvae as 298 mutants under a fluorescence stereo-microscope (Leica). 299
To generate genetically stable mutations in torr, the Minos elements in the coding 300 sequence of torr MB00606 were excised using heat-shock-induced Minos-transposase. 301
Larvae and pupae were exposed to daily heat-shocks at 37 o C for 1 hour, thereby The primers used to amplify genomic DNA for sequencing of the excision footprint 308 were CCATAGCACGCTCCAAATCA and TGCGCATCATCCACAAGAAG. 309
RNAi experiments 310
To down-regulate torr (CG33970) expression, the KK-line carrying the hairpin RNA 311 construct with the ID 109988 or the GD-lines carrying the IDs 297 and 7619 312 constructs, respectively, were crossed to flies harbouring either 69B-Gal4 (epidermis) 313 or both da-Gal4 and 7063-Gal4 (ubiquitous and maternal Gal4, respectively). To 314 down-regulate torr in wings, the KK-line was crossed to flies carrying nub-Gal4. As a 315 control, the hairpin RNA construct directed against the midgut chitin synthase 2 (CS-316
2) with the ID GD 10588 was used. 317 ABC cassette domain displays significant homology to both of the respective 495 domains (domain 1 and 2) in all human ABCA transporters. Here, we show the 496 alignment of these domains in ABCA3 and ABCA12 (isoform a). Those amino acids 497 mutated on ABCA12 variants are highlighted in red (Akiyama, 2010) . The respective 498 amino acids are marked in orange in the ABCA3 sequence. Not all of these residues 499 are conserved in this sequence. 500 appear to be normal. Like wild-type 1 st instar larvae (D), torr mutant 1 st instar larvae 505 (E) and 1 st instar larvae with reduced torr expression (F) hatch, but die soon 506 thereafter (see also Table 1 ). 507
Construction of GFP-tagged variants of Torr
Figure 3 Torr function prevents penetration of xenobiotics 508
In dye penetration assays, the 1 st instar wild-type (A) and torr mutant (torr 
